An analysis of the Dirac neutrino magnetic moment with standard model interactions gives 
Introduction
A Dirac neutrino with standard model interactions has a magnetic moment which is given by [1] 
where µ B = e/2m e is the Bohr Magneton (for related works see [2] ). The observation of a neutrino magnetic moment larger than that of Eq. (1) would be a clear sign of the presence of new physics beyond the standard model. Thus a determination of the neutrino magnetic moment is of great significance in the search for physics beyond the standard model. There are a variety of experimental searches which we discuss below. Thus the Borexino experiment [3] gives an upper bound of
which improves the previous limit of 8.4 × 10 −11 µ B found in [4] . Since Borexino explores solar neutrinos, the magnetic moment measured by Borexino is a linear combination of the magnetic moments of the three neutrino flavors. Separately the limits on e, µ and τ neutrinos are µ νe < 5.8 × 10
µ νµ < 1.5 × 10 −10 µ B ,
µ ντ < 1.9 × 10 −10 µ B .
In reactor experiments the constraint on the neutrino magnetic moment depends on the flavor of the initial neutrino such as in ν i − e scattering. Thus in such experiments the constraint on one flavor can be gotten 7 . The TEXONO Collaboration gives an upper limit of [5] µ νe < 7.4 × 10 −11 µ B , 90% CL.
The GEMMA experiment [6] (For previous limits see [7] ) gives an upper limit of µ νe < 2.9 × 10 −11 µ B , 90% CL .
A more stringent limit comes from a study of the red giants at the time of helium flash, and the analysis of [8] gives a constraint on the neutrino dipole moment of
7 In e + e − annihilation process e + e − → ννγ constraints on the neutrino magnetic moments can also be obtained but such constraints are relatively weak [9] .
(which is essentially a limit on the magnetic moment µ νe ) while the Particle Data Group [9] gives a more comprehensive list of neutrino magnetic moment limits most of which, however, are not competitive with the limits in Eq. (2)-Eq. (8) . Recently the authors of [10] have derived an upper bound on the Dirac neutrino magnetic moment within a low energy effective theory and obtain a limit of µ ν ≤ 10 −14 µ B . The derivation assumes there be no fine-tuning of the coefficients of the operators in the effective theory. [The literature on neutrino magnetic moments is extensive. For some recent works see [11, 12, 13] and for recent reviews see [14, 15, 16] ]. In any case one finds that all of the limits above whether experimental or theory are several orders of magnitude larger than the estimate of Eq. (1) .
In this work we carry out an analysis of the neutrino magnetic moments in an extension of MSSM which includes a vectorlike leptonic generation which leads to significantly larger neutrino magnetic moments than given by Eq. (1) . Vector like generations arise in many GUT and string models [17] and have been discussed in the literature quite frequently [18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28] .
The outline of the rest of the paper is as follows: In Section 2 we describe briefly the framework of the model which is an extension of the minimal supersymmetric standard model (MSSM) including a vector leptonic multiplet. Here we define the basic interactions that mix the vector like generation with the regular three generations of leptons and sleptons. These mixings arise via the superpotential couplings as well as via soft breaking. In Section 3 we present the interactions of the neutrinos with W bosons, leptons, and their mirrors and in Section 4 we give the interactions of the neutrinos with charginos, sleptons and mirror sleptons. Using these interactions a full one loop analysis of the neutrino magnetic moments is carried out in Section 5 where the contributions from the exchange of the W and the charged leptons arise via loops shown in Fig. 1 and the contributions from the exchange of charginos, sleptons and mirror sleptons arise via loops shown in Fig. 2 . In Section 6 we give a numerical analysis of the size of effects as a result of the mixing of the vectorlike generation with the three regular generations of leptons and sleptons. The analysis shows that neutrino magnetic moments as large as (10 −10 − 10 −14 )µ B can be gotten in models discussed in Section 5 (For large neutrino magnetic moments arising from large extra dimensions see [29, 30] ). In this section we also give an evaluation of the ν 3 lifetime on which experimental lower limits exist from radiative decays of the cosmic background neutrinos. Conclusions are given in Section 7. Further details of the model are given in Section 8.
MSSM Extension with a vector leptonic multiplet
Vector like multiplets arise in a variety of unified models [17] some of which could be low lying. Here we simply assume the existence of one low lying leptonic vector multiplet which is anomaly free in addition to the MSSM spectrum. Before proceeding further it is useful to record the quantum numbers of the leptonic matter content of this extended MSSM spectrum under
Y the leptons of the three generations transform as follows
where the last entry on the right hand side column is the value of the hypercharge Y defined so that Q = T 3 + Y . These leptons have V − A interactions. We can now add a vectorlike multiplet where we have a fourth family of leptons with V − A interactions whose transformations can be gotten from Eq.(9) by letting i run from 1-4. A vectorlike lepton multiplet also has mirrors and so we consider these mirror leptons which have V + A interactions. Its quantum numbers are given
Interesting new physics arises when we allow mixings of the vectorlike generation with the three ordinary generations. Thus the superpotential of the model allowing for the mixings among the three ordinary generations and the vectorlike generation is given by
whereˆimplies superfields. The mass terms for the leptons and mirror leptons arise from the term
where ψ and A stand for generic two-component fermion and scalar fields. After spontaneous breaking of the electroweak symmetry, (
, we have the following set of mass terms written in the 4-component spinor notation so that
where the basis vectors in which the mass matrix is written is given bȳ
and the mass matrix M f is given by
The mass matrix is not hermitian and thus one needs bi-unitary transformations to diagonalize it.
We define the bi-unitary transformation so that
Under the bi-unitary transformations the basis vectors transform so that
In Eq. (16) ψ 1 , ψ 2 , ψ 3 , ψ 4 are the mass eigenstates for the neutrinos, where in the limit of no mixing we identify ψ 1 as the light tau neutrino, ψ 2 as the heavier mass eigen state, ψ 3 as the muon neutrino and ψ 4 as the electron neutrino. To make contact with the normal neutrino hierarchy we relabel the states so that
which we assume has the mass hierarchical pattern
We will carry out the analytical analysis in the ψ i notation but the numerical analysis will be carried out in the ν i notation to make direct contact with data. A similar analysis goes to the lepton mass matrix M where
Next we consider the mixing of the charged sleptons and the charged mirror sleptons. The mass squared matrix of the slepton -mirror slepton comes from three sources: the F term, the D term of the potential and the soft susy breaking terms. Using the superpotential of Eq. (11) the mass terms arising from it after the breaking of the electroweak symmetry are given by the Lagrangian
where L F is deduced from Eq. (11) and is given in the Appendix, while the L D is given by
For L soft we assume the following form 
Interactions of W boson, leptons, mirrors and neutrinos
The magnetic dipole moments of the neutrinos arise from the loop diagrams of Fig. 1 and Fig. 2 .
We now write the charged current interaction in the leptonic sector for the three generations and for the mirror generation with the W boson,
Using Eq.17, and its counterpart in the lepton sector, one can write the charged current interactions in the mass diagonal basis as
Interactions of charginos, sleptons and neutrinos
The magnetic dipole moments of the neutrinos arise from loop diagrams of Fig.2 . The relevant part of the Lagrangian that generates this contribution is given by
where (27) whereD τ is the diagonalizing matrix of the scalar mass squared matrix for the scalar leptons as defined in the Appendix. In Eq.(27) U and V are the matrices that diagonalize the chargino mass matrix M C so that
5 An analytical computation of the neutrino magnetic moments
The dipole moments for neutrinos are defined by
where µ m ν (q 2 ) ij is the magnetic dipole form factor and d e ν (q 2 ) ij is the electric dipole form factor. We are interested in their values at zero momentum transfer, i.e., the quantities µ m ν (0) ij , d e ν (0) ij . For the case when i = j these moments vanish if the neutrino is a Majorana field, but is in general non-vanishing for a Dirac neutrino. When i = j one has transition moments and they can be non-vanishing both for Dirac as well as for Majorana neutrinos. The analysis given below is general in that we consider the lepton and the neutrino mass mixings which form 4 × 4 matrices while the slepton mass squares form an 8 × 8 matrix. A sub case was previously considered in [20] where only the tau neutrino magnetic moment was computed while the analysis given here is more general.
We now give a computation of the magnetic dipole moment arising from the loop diagrams of 
where
The chargino exchange loops of Fig. 2 produce a contribution to the magnetic moments of the neutrinos in µ B units so that
The form factors G i (x) are given by
The form factors G 1 and G 2 arise from the non-supersymmetric loops of Fig. 1 involving the exchange of the W boson and the charged leptons while the form factors G 3 and G 4 arise from the supersymmetric loops of Fig. 2 from the exchange of the charginos and the charged sleptons.
Numerical analysis and results
In this section we give a numerical analysis for the magnetic moment of the electron (µ 1 ) and for the muon (µ 2 ). In the analysis we will impose the constraint on the sum of the neutrino masses arising from the Planck Satellite experiment [31] so that
where we assume ν i (i=1,2,3) to be the mass eigenstates with eigenvalues m ν i with the mass hierarchy given in Eq. (18) . Neutrino oscillations constraint the neutrino mass squared differences so that [32] ∆m It is also interesting to include in the analysis of the neutrino magnetic moments the prediction of the neutrino lifetime for the decay ν 3 → ν 1 γ, ν 2 γ (see Fig. 3 ). A computation of the neutrino lifetime with the standard model interactions gives [33] τ SM ν 3 ∼ 10 43 yrs,
for a ν 3 with mass 50 meV. One may compare this with the experimental data from galaxy surveys within frared satellites AKARI [34] , Spitzer [35] and Hershel [36] as well as the high precision cosmic microwave background (CMB) data collected by the Far Infrared Absolute Spectrometer (FIRAS) on board the Cosmic Background explorer (COBE) [37] for the study of radiative decays of the cosmic neutrinos [38] using the Cosmic Infrared Background (CIB) which gives [38] τ exp ν 3 ≥ 10 12 yrs .
A lifetime orders of magnitude smaller than that of Eq.(38) was shown to arise in the analysis of [18] . In the analysis of ν 3 lifetime here we will use the formulae derived in [18] . As in [18] we will see that similar size lifetimes also arise with the inputs used in the analysis of the neutrino magnetic dipole moments presented here.
In Table 1 we give the analysis of neutrino masses for four sets of inputs. For each set of inputs, in addition to the muon and the electron neutrino magnetic moments, we also display the ν 3 lifetime as well as the lighter chargino and slepton masses that enter the loops. The computed values of the tau neutrino lifetime are consistent with the analysis of [18] . From Table 1 Next we study the effect of CP phases on the magnetic moment and on the ν 3 lifetime (for a review see [39] ). Thus, e.g., in [40] the dependence of the muon magnetic moment on CP phases was investigated and its sharp dependence on several CP phases in MSSM was found. Thus we expect that here also the neutrino magnetic moments will be sensitive to the CP phases. We begin by defining the CP phases χ i and χ i (i=1-5) by
In Fig. 7 we exhibit the dependence of the magnetic moments and of the ν 3 lifetime on the CP phase χ 4 . The coupling f 4 appears in the lepton mass matrix and in the slepton mass squared matrix and thus the the phase enters in the W exchange contribution as well as in the chargino exchange contribution to the magnetic moment. Variation of χ 4 has no influence on the neutrino mass matrix. (35)- (37) were satisfied. Here, changing χ 5 will impact the neutrino diagonalizing matrices D ν R and D ν L and one needs to make certain that the neutrino eigenmasses lie in the acceptable range. In Fig. 8 , one finds that for the parameter point χ 5 = 1.9 rad and χ 5 = 0.5 rad all constraints are satisfied along with desirable values of the ν 3 lifetime, and of µ 2 and µ 1 , i.e., here one has µ 2 = 3.6 × 10 −10 µ B , µ 1 = 1.2 × 10 −13 µ B and ν 3 = 8.2 × 10 13 yrs. Finally we compare our results with some previous works where neutrino magnetic moments much larger than given in Eq. (1) were achieved. Thus the analysis of [41, 42] 1). Further, the analysis of [41, 42] is based on models with explicit R -parity violation and the low energy signatures of such models will have no large missing energy signals which are typically associated with R-parity conserving supersymmetric models. In contrast our analysis is done in extensions of MSSM with R parity conservation. Thus the set up as well as the predictions of our work are very different from the works of [41, 42] .
Conclusion
It is well known that the neutrino Dirac magnetic moment computed using the standard model interactions is far too small to be tested by experiment since it would require an increase in sensitivity by several orders of magnitude which appears out of reach in the current and in the near future experiments. Since the neutrino magnetic moment in the standard model is too small to be observed, an observation of a much larger moment will be a clear indication of new physics beyond the standard model. In this work we have carried out an analysis of the neutrino magnetic moments within in an extension of MSSM which includes a vectorlike leptonic generation which contains a fourth leptonic generation along with its mirrors. We assume terms in the superpotential of the theory that mix the ordinary leptonic generation with the vectorlike generation. The analysis of the neutrino magnetic moment within this framework shows that a magnetic moment for the neutrinos as large as (10 −12 − 10 −14 )µ B can be obtained. These values thus lie within reach of improved experiment in the future. The analysis is of importance since neutrino magnetic moments have implications for particle physics as well as for astrophysical phenomena, and as already mentioned an observation of it of a size significantly larger than predicted with the standard model like interactions would provide a clear indication of new physics beyond the standard model.
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8 Appendix: Further details on the scalar mass squared matrices
In this Appendix we give further details of the structure of the slepton mass matrices. The mass terms arising from the superpotential are given by
where L mass C gives the mass terms for the charged leptons while L mass N gives the mass terms for the arise from soft breaking in the sectorẼ L ,Ẽ R . The other terms arise from mixing between the staus, smuons and the mirrors. We assume that all the masses are of the electroweak size so all the terms enter in the mass squared matrix. We diagonalize this hermitian mass squared matrix by the unitary trans- ). For a further clarification of the notation see [23] .
